Sterile alpha motif and HD domain-containing protein 1 (SAMHD1) regulates intracellular deoxynucleoside triphosphate (dNTP) levels and functions as a retroviral restriction factor through its dNTP triphosphohydrolase (dNTPase) activity. Human SAMHD1 interacts with cell cycle regulatory proteins cyclin A2, cyclin-dependent kinase 1 (CDK1), and CDK2. This interaction mediates phosphorylation of SAMHD1 at threonine 592 (T592), which negatively regulates HIV-1 restriction. We previously reported that the interaction is mediated, at least in part, through a cyclin-binding motif (RXL, amino acids [aa] 451 to 453). To understand the role of the RXL motif in regulating SAMHD1 activity, we performed structural and functional analyses of RXL mutants and the effect on HIV-1 restriction. We found that the RXL mutation (R451A and L453A, termed RL/AA) disrupted SAMHD1 tetramer formation and abolished its dNTPase activity in vitro and in cells. Compared to wild-type (WT) SAMHD1, the RL/AA mutant failed to restrict HIV-1 infection and had reduced binding to cyclin A2. WT SAMHD1 and RL/AA mutant proteins were degraded by Vpx from HIV-2 but were not spontaneously ubiquitinated in the absence of Vpx. Analysis of proteasomal and autophagy degradation revealed that WT and RL/AA SAMHD1 protein levels were enhanced only when both pathways of degradation were simultaneously inhibited. Our results demonstrate that the RXL motif of human SAMHD1 is required for its HIV-1 restriction, tetramer formation, dNTPase activity, and efficient phosphorylation at T592. These findings identify a new functional domain of SAMHD1 important for its structural integrity, enzyme activity, phosphorylation, and HIV-1 restriction. IMPORTANCE SAMHD1 is the first mammalian dNTPase identified as a restriction factor that inhibits HIV-1 replication by decreasing the intracellular dNTP pool in nondividing cells, although the critical mechanisms regulating SAMHD1 function remain unclear. We previously reported that mutations of a cyclin-binding RXL motif in human SAMHD1 significantly affect protein expression levels, half-life, nuclear localization, and phosphorylation, suggesting an important role of this motif in modulating SAMHD1 functions in cells. To further understand the significance and mechanisms of the RXL motif in regulating SAMHD1 activity, we performed structural and functional analyses of the RXL motif mutation and its effect on HIV-1 restriction. Our results indicate that the RXL motif is critical for tetramer formation, dNTPase activity, and HIV-1 restriction. These findings help us understand SAMHD1 interactions with other host proteins and the mechanisms regulating SAMHD1 structure and functions in cells. L. 2018. A cyclin-binding motif in human SAMHD1 is required for its HIV-1 restriction, dNTPase activity, tetramer formation, and efficient phosphorylation. J Virol
KEYWORDS HIV-1, SAMHD1, cyclin binding, dNTPase, infection, restriction, structure S terile alpha motif and HD domain-containing protein 1 (SAMHD1) is a mammalian deoxynucleoside triphosphate (dNTP) triphosphohydrolase (dNTPase) that is well characterized as a protein that restricts retroviruses and DNA viruses (1) (2) (3) (4) (5) by limiting the intracellular dNTP pool in nondividing cells (6, 7) . There are multiple mechanisms regulating SAMHD1 activity, allowing dNTPase activity to be switched on or off when required. This regulation is critical for SAMHD1 to maintain cellular dNTP homeostasis (8) . Many transformed, proliferating cell lines express low levels of SAMHD1, which has partly been attributed to epigenetic regulation, including methylation of the SAMHD1 promoter (9, 10) and increased microRNA 181 to downregulate SAMHD1 expression (11, 12) . Overexpression of SAMHD1 in dividing HEK293T or HeLa cells leads to decreased intracellular dNTP levels, although the effect is not strong enough to restrict immunodeficiency virus type 1 (HIV-1) infection (13) . In contrast, knockout of SAMHD1 in monocytic THP-1 cells renders the cells more permissive to HIV-1 infection and affects distribution of cell cycle and apoptosis (14) . Furthermore, exogenous expression of SAMHD1 inhibits proliferation and induces apoptosis in T-cell lymphoma-derived HuT78 cells (15) . These studies suggest that SAMHD1 is also functional in dividing cells (14, 16) .
Regulation of SAMHD1 function is correlated with the cell cycle. SAMHD1 interacts with cell cycle-related proteins that are highly expressed in dividing cells and phosphorylate SAMHD1 at threonine 592 (T592), abolishing HIV-1 restriction (17) (18) (19) (20) (21) (22) (23) and destabilizing the tetramer (23, 24) . The homotetramer is accepted to be the biologically active form of SAMHD1 and is required for HIV-1 restriction (25) . However, conflicting reports indicate that SAMHD1 protein levels remain unchanged or vary with different stages of the cell cycle, and it is not clear if there is a mechanism to regulate total SAMHD1 protein levels in cells (26) (27) (28) . Cell cycle regulation is closely tied to intracellular dNTP levels, which are elevated during S-phase and thus require a decrease in SAMHD1 expression or activity at the appropriate phases of the cell cycle (22) .
The molecular mechanism of SAMHD1 hydrolysis of dNTPs has been characterized structurally and biochemically (23, 25, 29, 30) . Allosteric sites in SAMHD1 bind activating dNTPs, which induces a conformation change and tetramerization of the protein into the active tetramer (29) (30) (31) (32) (33) (34) (35) . Recent work has identified oxidation of cysteine residues in SAMHD1 as an additional mechanism of its functional regulation (36) . SAMHD1 restriction is circumvented by the Vpx protein from either HIV-2 or most simian immunodeficiency viruses (SIV) or the Vpr protein from certain SIV lineages (37) , which target SAMHD1 for proteasomal degradation (4, 5, 38, 39) . Aside from SAMHD1targeted proteasomal degradation orchestrated by "helper" proteins, such as Vpx (40) or cyclin L2 in macrophages (41) , there is little knowledge regarding the natural cellular regulation of SAMHD1 protein levels. Our previous work demonstrated that endogenous SAMHD1 has a half-life of 6.5 h in cycloheximide-treated cycling THP-1 cells (42) . However, the fate of the protein and the cellular mechanisms of spontaneous SAMHD1 degradation remain unknown. We previously reported that a mutant of human SAMHD1 in the cyclin-binding motif (RXL) (R451A and L453A, termed RL/AA) that affects its cyclin A/CDK interaction (42) . The RL/AA mutant was expressed poorly in cells, had reduced T592 phosphorylation, exhibited a reduced half-life and reduced ability to form tetramers compared to those of the wild-type (WT) protein, and was mislocalized to intranuclear aggregations (42) . However, the impact of the RL/AA mutant on SAMHD1 function, HIV-1 restriction, and characterization of SAMHD1 spontaneous cellular degradation is unknown. Further investigation of these issues could allow clearer understanding of how SAMHD1 function is regulated within cells.
In this study, we provide evidence that the RXL motif is critical for the structural integrity of functional SAMHD1 tetramers, dNTPase activity, and thereby HIV-1 restriction. We also compared the mechanisms by which WT SAMHD1 and the tetramerizationdeficient mutant (RL/AA) were degraded in cells. Interestingly, our results suggest that spontaneous degradation of SAMHD1 protein in cells can occur through simultaneous mechanisms involving proteasomal and autophagy/lysosome pathways. Understanding how SAMHD1 is regulated in cells is important for gaining clear mechanistic insights into SAMHD1 and its roles in cell cycle regulation, nucleotide homeostasis, viral restriction, and innate immune responses and potential avenues to manipulate SAMHD1 regulation in cells.
RESULTS
The RXL motif in SAMHD1 is critical for HIV-1 restriction and dNTPase activity in cells. We previously demonstrated that mutation of the RXL motif in SAMHD1 resulted in low protein expression and loss of multimerization when overexpressed in HEK293T cells (42) . However, the effect of the RL/AA mutant on SAMHD1-mediated HIV-1 restriction in a nondividing cell model remains unknown. To address this, we generated stable U937 cells that express WT full-length SAMHD1 or the RL/AA mutant. Monocytic U937 cells do not express endogenous SAMHD1 and have been used as a model to evaluate SAMHD1-mediated HIV-1 restriction (5, 18) . We also included an additional SAMHD1 mutant, the F454W mutant (referred to as F/W), which we previously reported to have T592 phosphorylation, localization, and tetramer formation in cells comparable to those of WT SAMHD1 (42) . We therefore predicted that the F/W mutant should restrict HIV-1 infection.
To obtain similar levels of WT or mutant SAMHD1 expression, we adjusted the volume of lentiviral vectors used when transducing U937 cells. Immunoblotting of cell lysates confirmed comparable levels of WT and mutant SAMHD1 expression between cell lines and demonstrated that the RL/AA mutant had reduced T592 phosphorylation relative to WT SAMHD1 ( Fig. 1A) , using an antibody previously confirmed for specificity to T592 phosphorylation of SAMHD1 (19) . Differentiated U937 cells were infected with single-cycle, luciferase reporter HIV-1 to determine viral restriction by SAMHD1. Compared to the vector control cells, WT SAMHD1 and the F/W mutant restricted HIV-1 infection by 95% and 67%, respectively, whereas the RL/AA mutant did not restrict HIV-1 infection ( Fig. 1B ). We observed a 1.3-fold enhancement in single-cycle HIV-1 infection of the RL/AA mutant expressing a stable cell line compared to vector control cells ( Fig. 1B) . However, the effect of the increased HIV-1 infection by the RL/AA mutant was not evident at viral reverse transcription (RT) (Fig. 1C ) or mRNA ( Fig. 1D and E) levels, implying that a potential posttranscriptional regulatory mechanism might be involved. To determine if the increased HIV-1 infection by the RL/AA mutant expression was specific to a reporter gene, we performed single-cycle HIV-1 infection assays using a reporter virus expressing enhanced green fluorescent protein (GFP) in the HIV-1 envelope open reading frame (43) . GFP reporter HIV-1 infection in RL/AA mutantexpressing cells was comparable to that in vector control cells ( Fig. 1F ). Furthermore, we infected these cells with an HIV-1 LAI -based single-cycle virus and likewise found no enhancement of Gag expression in the RL/AA-expressing cells compared to the vector (data not shown). These results suggest that the slightly increased HIV-1 infection by the RL/AA mutant expression is unique to luciferase reporter virus.
To characterize at which stage of HIV-1 replication the RL/AA mutant lost restriction activity, we measured HIV-1 late reverse transcription products in the luciferase reporter virus-infected cells. We found that the RL/AA mutant was unable to reduce viral cDNA synthesis, whereas both WT SAMHD1 and the F/W mutant blocked HIV-1 reverse transcription effectively, by 90% and 79%, respectively (Fig. 1C ). These results suggest that the RL/AA mutant was defective in reducing HIV-1 late reverse transcription, likely due to the lack of dNTPase activity. We next measured the levels of mRNA transcription to determine whether the RL/AA mutant had any effects on later stages of viral replication. Compared to vector control cells, levels of luciferase and gag mRNA driven by the HIV-1 promoter were consistent with late RT levels and decreased significantly in WT SAMHD1 or F/W mutant-expressing cells, but not for the RL/AA mutant ( Fig. 1D and E). To examine whether the RL/AA mutant had dNTPase activity, we measured intracellular dNTP levels in U937 cells expressing WT or mutant SAMHD1. We observed that only the RL/AA mutant was defective for dNTP hydrolysis (Fig. 1G ). Thus, the RXL motif in human SAMHD1 is critical for its HIV-1 restriction and dNTPase activity in cells.
The RXL mutant disrupts SAMHD1 tetramer formation and abolishes dNTPase activity in vitro. To determine why the RXL motif was required for HIV-1 restriction and dNTPase activity, we assessed the effect of the RL/AA mutant on SAMHD1 structure and dNTP hydrolysis. We utilized in vitro assays to assess tetramerization of SAMHD1 in the presence or absence of dATP/GTP. SAMHD1 tetramers are induced by binding of GTP or dGTP at a primary allosteric site. Further binding of any dNTP at a second allosteric site then occurs and the enzyme is activated (30) . We found that the RL/AA mutant
The RXL motif in SAMHD1 is required for HIV-1 restriction and dNTPase activity. (A) U937 cells stably expressing vector (V) or WT or mutant (F/W or RL/AA) SAMHD1 were differentiated with PMA for 24 h and then cultured for a further 24 h prior to detection of protein expression. GAPDH was used as a loading control. Relative Phos-T592 was calculated by normalizing densitometry values for total SAMHD1 (HA) signals to GAPDH. The relative ratio of Phos-T592 to total SAMHD1 is shown; the value for the WT was set as 1. (B) PMA-differentiated U937 cells were infected with single-cycle HIV-1-Luc/VSV-G (multiplicity of infection of 0.5). Lysates were collected 48 h postinfection, and infection was quantified by luciferase assay. All samples were normalized by protein content. Data were calculated relative to the value for the vector cells, which was set as 1. Data represent results from one experiment from four independent repeats. (C) HIV-1 late reverse transcription (RT) products from infected cells were quantified via qPCR of total genomic DNA. GAPDH levels were used as a normalization control. Data were calculated relative to the value for vector cells, which was set as 1. Data represent results from one experiment with four biological replicates. (D and E) The mRNA levels of HIV-1 gag and the reporter firefly luciferase gene (FFluc) were measured in infected cells by RT-qPCR. GAPDH mRNA levels were used as a control. Data were calculated relative to the value for the vector cells, which was set as 1 using the 2 ϪΔΔCT method. Data represent the averages of 3 independent experiments. (F) PMA-differentiated U937 cells were infected with single-cycle HIV-1-ΔEnv-GFP/VSV-G as described for panel B. Viral infection was quantified as GFP-positive cells using flow cytometry. Data were calculated relative to the value for the vector cells, which was set as 1. Data represent the averages of two independent experiments, each with triplicate samples. Error bars represent SDs. (G) dNTP analysis of PMA-differentiated U937 cell lines. Data represent the averages of two experiments. To better compare lower dCTP levels among the samples, the dCTP levels are also presented in a different scale (right graph). The data are means Ϯ SDs. Statistical analysis was performed by one-way ANOVA with Dunnett's multiple-comparison test. ***, P Ͻ 0.001; **, P Ͻ 0.01. remained as a monomer, irrespective of the presence of dATP/GTP, whereas an H206R/D207N mutant (referred to as HD/RN) that abrogates the catalytic activity of SAMHD1 without affecting tetramerization (29) clearly formed tetramers in the presence of dATP/GTP ( Fig. 2A ). An in vitro dGTP hydrolysis assay showed that compared to WT SAMHD1, both the RL/AA and HD/RN mutants were catalytically inactive ( Fig. 2B ). These data suggest that the inability of the RL/AA mutant to tetramerize prevents the dNTPase activity and consequently HIV-1 restriction. Analysis of the published X-ray crystal structure (PDB ID 4BZB [29] ) shows that the R451 and L453 residues are part of the allosteric nucleotide-binding pocket and that the RL/AA mutation disrupts the hydrogen bonds with an allosteric dNTP, likely destabilizing the tetramer interface ( Fig.  2C ). Together, these data indicate that the RL/AA mutant is ineffective at blocking HIV-1 restriction because it causes defects in binding to allosteric dNTPs, leading to destabilization of SAMHD1 tetramers, and therefore abolishes its dNTPase activity.
RXL mutation of SAMHD1 reduces T592 phosphorylation and cyclin A2 binding. A previous study also identified a cyclin-binding motif (L620/F621) in the C-terminal region of human SAMHD1 critical for its interaction with cyclin A2 and showed that alanine substitution for the dihydrophobic residues leucine and phenylalanine (L620A/ F621A, referred to as LF/AA) was sufficient to disrupt interaction with cyclin A2 (28) . To better understand the significance of these two cyclin-binding motifs in cells, we directly compared the RL/AA and LF/AA mutants with WT SAMHD1. First, we assessed the levels of T592 phosphorylation of SAMHD1 overexpressed in HEK293T cells. Compared to WT SAMHD1, both mutants were defective for phosphorylation, with the relative level of T592 phosphorylation reduced by 90% and 60% for the LF/AA and RL/AA mutants, respectively (Fig. 3A ). Next, we compared cyclin A2 interaction with WT SAMHD1 and the mutants in HEK293T cells using coimmunoprecipitation (co-IP) assays.
FIG 2
The RXL mutant disrupts SAMHD1 tetramer formation and abolishes dNTPase activity. (A) Size exclusion chromatography of SAMHD1 mutants in the presence or absence of dNTPs. The H206R/D207N (HD/RN) mutant SAMHD1 is a monomer (green trace) in the absence of allosteric nucleotides and forms tetramers in the presence of GTP and dATP (red trace). In contrast, the R451A/L453A (RL/AA) mutant in either the presence (blue dashes) or absence (purple) of nucleotides elutes as a monomer. (B) WT SAMHD1 (blue) hydrolyzes dGTP to produce inorganic phosphates, which are measurable by the malachite green assay. Similar to the HD/RN mutant (green) that has previously been shown to be inactive; the RL/AA mutant (red) also lacks the dNTPase activity. (C) The RL/AA mutation disrupts the activity of SAMHD1 by destabilizing the tetramer interface. As shown in the published crystal structure (PDB ID 4BZB) (29) , the SAMHD1 tetramer is represented. Each SAMHD1 monomer subunit is depicted by a different color. Residues R451 and L453 are positioned at the interface between two subunits of the SAMHD1 tetramer where R451 directly interacts (hydrogen bonding [dashed lines] and stacking) with dGTP bound to allosteric site 1. Mutating these residues disrupts the interaction with allosteric dNTPs and thus inhibits SAMHD1 tetramerization.
We observed that compared to WT SAMHD1, both mutants were impaired in their interactions with cyclin A2, with the LF/AA mutant displaying almost undetectable interaction while the RL/AA mutant was decreased by 60% ( Fig. 3B) , consistent with the effects on phosphorylation that we observed (Fig. 3A) . These data suggest that while the cyclin-binding motif (L620/F621) of human SAMHD1 is required for its interaction with cyclin A2, the RXL cyclin-binding motif partially contributes to the interaction, though possibly through an indirect mechanism.
To independently determine the direct effect of the RL/AA mutation on T592 phosphorylation of SAMHD1, we performed in vitro kinase assays with purified recombinant SAMHD1 proteins. As expected, we observed dose-dependent T592 phosphorylation of WT SAMHD1 protein (up to 7-fold enhancement), but not a phospho-ablative SAMHD1 mutant (T592A) (18) , in incubations with increasing amounts of glutathione S-transferase (GST)-tagged cyclin A2 and CDK1 proteins ( Fig. 3C) . Interestingly, we observed slightly decreased levels of T592 phosphorylation for the RL/AA (3.7-fold) and LF/AA (5.2-fold) mutants compared to that for WT SAMHD1 (Fig. 3C ), suggesting that these two mutants are phosphorylated less efficiently than WT SAMHD1. Because the CDK motif (TPQK; residues 592 to 595) of human SAMHD1 (21) is intact and outside the mutated region of RL/AA and LF/AA, this could explain our observation of in vitro T592 phosphorylation of WT and mutant SAMHD1. Lower levels of T592 phosphorylation signal in the controls without cyclin A2/CDK1, and the T592A samples with or without cyclin A2/CDK1, were likely due to background antibody cross-reactivity with total SAMHD1 protein ( Fig. 3C) .
SAMHD1 protein levels are not significantly affected by inhibiting the proteasome or lysosome degradation in cells. Our previous study showed that the RL/AA mutant was expressed poorly in cells (over 10-fold lower than WT) and has a 6-foldshorter half-life (t 1/2 ) than that of WT SAMHD1 (42) . We sought to determine whether FIG 3 RXL mutation of SAMHD1 reduces T592 phosphorylation and cyclin A2 binding. (A) HEK293T cells expressing vector or WT, LF/AA, or RL/AA SAMHD1 protein were analyzed by immunoblotting for Phos-T592, HA-SAMHD1, or GAPDH. Relative Phos-T592 was calculated by normalizing densitometry values for Phos-T592 and total SAMHD1 (HA) signals to GAPDH. The relative ratio of Phos-T592 to total SAMHD1 is shown; the value for the WT was set as 1. Immunoblot data are representative of two independent experiments; for densitometry, the average of two experiments is depicted. (B) Co-IP of cyclin A2 from HEK293T cells overexpressing vector or WT, LF/AA, or RL/AA SAMHD1 protein. Transfected cells were lysed and HA-tagged SAMHD1 was bound to HA-conjugated agarose. SAMHD1-interacting proteins were eluted and analyzed by immunoblotting for HA or cyclin A. Data are representative of results from two independent experiments. Cyclin A2 IP densitometry was normalized to HA-SAMHD1 IP products. Relative amounts were calculated according to the value for WT SAMHD1, which was set as 1.
(C) Recombinant WT, RL/AA, LF/AA, or T592A SAMHD1 protein was used for in vitro kinase assays. SAMHD1 proteins were incubated with increasing amounts of cyclin A2/CDK1 complex in the presence of ATP. Kinase-free samples were used as a negative control. Reactions were analyzed by SDS-PAGE and immunoblotting for SAMHD1, Phos-T592, and GST. Data are representative of results from three independent experiments. The densitometry value of the T592 phosphorylated species of SAMHD1 was calculated, with the value for the kinase-free samples set as 1 and each protein phosphorylation calculated relative to the kinase-free control.
the RL/AA mutant experienced enhanced cellular degradation and whether it was degraded via the same mechanism as WT SAMHD1. We treated HEK293T cells overexpressing WT or RL/AA SAMHD1 with different inhibitors. Epoxomicin is a selective proteasome inhibitor (44) ; chloroquine is a lysosomotropic agent that inhibits lysosomal hydrolases and prevents autophagosomal fusion and degradation, while leupeptin is an acid protease inhibitor and causes accumulation of autolysosomes (45) . SAMHD1 protein levels were analyzed by immunoblotting and quantified by densitometry after 16 h of treatment with a range of inhibitor concentrations.
Chloroquine-treated cells showed that WT and RL/AA SAMHD1 protein levels had a slight enhancement at 10 and 100 M (Fig. 4A) ; however, the trend across six independent experiments was not significant (Fig. 4B ). Epoxomicin caused a slight decrease in protein levels, possibly due to cytotoxicity at higher concentrations ( Fig. 4C and D) . Leupeptin also did not show a significant effect on either WT or RL/AA SAMHD1 protein level ( Fig. 4E and F) . Enhanced LAMP-1 protein expression was used as a positive FIG 4 SAMHD1 protein levels are not affected by inhibiting the proteasome or lysosome degradation in cells. HEK293T cells expressing WT or RL/AA SAMHD1 protein were treated with chloroquine (A), epoxomicin (C), or leupeptin (E) at the indicated concentrations for 16 h. Vector plasmid DNA-transfected cells were used as a negative control. Lysates were harvested and analyzed by immunoblotting using antibodies specific to LAMP-1 or ubiquitin, HA-tagged SAMHD1 (HA), and Phos-T592 SAMHD1. GAPDH was used as a loading control. (B, D, and F) Graphs depicting SAMHD1 were generated from densitometry analysis of WT or RL/AA SAMHD1 (HA) immunoblots in HEK293T cells treated as described for panels A, C, and E. All densitometry was normalized to the value for GAPDH. Negative controls with no inhibitor treatment were set to 100% for each WT or RL/AA experiment, and all densitometry values were calculated as a percentage of this. The graphs represent a summary of 6 independent transfection experiments. control for lysosomal inhibition (Fig. 4A and E) (46) , and ubiquitin was used as a control for epoxomicin ( Fig. 4C) . Changes in the levels of phosphorylated T592 correlated with changes in the total levels of SAMHD1 ( Fig. 4A, C , and E), as expected, as the majority of SAMHD1 in cycling cells is phosphorylated (21) . Furthermore, we examined whether the inhibitor treatments altered SAMHD1 localization using immunofluorescence microscopy. However, analysis of WT SAMHD1 or RL/AA mutant expression after treatment with each inhibitor showed no significant change in localization, or association with lysosomal-associated membrane protein 1 (LAMP-1) (data not shown). Overall, these data suggest that overexpressed SAMHD1 in HEK293T cells is not spontaneously degraded through lysosomes or the proteasome.
WT SAMHD1 and RL/AA mutant proteins are degraded by HIV-2 Vpx but are not spontaneously ubiquitinated. Several lentiviruses, including HIV-2 and certain SIV, encode the Vpx protein, which targets SAMHD1 for proteasomal degradation (4, 5). As we were unable to alter SAMHD1 protein levels using epoxomicin or lysosomal inhibitors, we first verified whether Vpx could target the RL/AA mutant for proteasomal degradation. We cotransfected HEK293T cells with plasmids expressing Vpx from the HIV-2 ROD strain (13) and WT SAMHD1 or the RL/AA mutant. Analysis of SAMHD1 protein levels confirmed that both WT SAMHD1 and the RL/AA mutant could be efficiently degraded by coexpression of Vpx (Fig. 5A ). Degradation of the RL/AA mutant was approximately 2-fold less efficient than that of WT SAMHD1 in spite of increasing amounts of Vpx ( Fig. 5A and B) . The RL/AA mutant is not in the vicinity of the C-terminal Vpx-interacting domain in SAMHD1 (47); hence, it should not interfere with the ability of this mutant to be targeted to the proteasome. These results suggest that a portion of the mislocalized RL/AA mutant (42) may be partially resistant or inaccessible to Vpx-mediated degradation in cells.
Based on our data in Fig. 4 indicating that 16 h of treatment with epoxomicin did not rescue SAMHD1 levels, we tested an additional proteasome inhibitor (MG132) (48) and treated cells for a shorter time (3 h, with harvesting of cells 6 h posttreatment), based on the half-life of SAMHD1 (42) . We used a lower concentration of each inhibitor (1 M), as we observed decreased protein levels overall with higher concentrations or longer treatment times. HEK293T cells overexpressing WT SAMHD1 or the RL/AA mutant were treated with either MG132 or epoxomicin, and SAMHD1 protein levels were assessed. WT or RL/AA SAMHD1 protein levels were not significantly affected by each inhibitor at 6 h posttreatment, while the levels of ubiquitin control were elevated compared to those of dimethyl sulfoxide (DMSO) controls (Fig. 5B ). Next, we asked whether SAMHD1 could be ubiquitinated in dividing cells in the absence of Vpx. We treated cells with MG132 prior to IP of SAMHD1. IP products were then assessed for the presence of ubiquitinated species. While the ubiquitin signal increased in MG132treated cell lysates, we could not detect strong ubiquitinated species in the WT or RL/AA SAMHD1 IP samples ( Fig. 5C ), suggesting that overexpressed SAMHD1 is not polyubiquitinated in HEK293T cells.
To test whether these results were recapitulated in THP-1 cells expressing endogenous SAMHD1, we repeated experiments; consistent with the results for HEK293T cells, the endogenous SAMHD1 protein level was not significantly altered 6 h after treatment with either inhibitor (Fig. 5D ). IP experiments with endogenous SAMHD1 confirmed the data for HEK293T cells, and there was not strong evidence indicating that SAMHD1 is polyubiquitinated in these cells (Fig. 5E ). Upon darker exposure, a weak band between 100 and 150 kDa was detectable with the ubiquitin antibody; however, it was not detected in HEK293T experiments. Thus, SAMHD1 is not actively polyubiquitinated and targeted to the proteasome for degradation in cells in the absence of Vpx.
Blocking both autophagy/lysosome and proteasomal degradation enhanced WT and RL/AA SAMHD1 protein expression. Given that we did not observe ubiquitination of SAMHD1 in cells, and protein levels were not rescued by treatment with proteasome or lysosome inhibitors ( Fig. 5B to E), we questioned whether activation of autophagy would induce SAMHD1 protein turnover. Autophagy is a dynamic process of protein degradation that can be upregulated in response to certain stimuli, such as nutrient starvation (49) . Autophagy can be inhibited by bafilomycin A1 (BafA1), which inhibits autophagosome-lysosome fusion, or by 3-methyladenine (3-MA), which blocks autophagosome formation via inhibition of class III phosphoinositide 3-kinase (50).
HEK293T cells overexpressing WT or RL/AA SAMHD1 were nutrient starved to activate autophagy and treated with inhibitors targeting early or late stages of autophagy. However, neither nutrient starvation alone nor treatment with BafA1 or 3-MA HEK293T cells were cotransfected with plasmids expressing WT (0.1 g) or RL/AA (1 g) SAMHD1 along with a plasmid expressing HIV-2 ROD Vpx. Empty vectors (pLenti-puro and pCG-myc) were used to normalize all DNA transfection amounts. Lysates were harvested and HA-tagged SAMHD1 and Vpx expression was confirmed by immunoblotting using anti-HA and Vpx-specific antibodies, respectively. GAPDH was used as a loading control. Relative SAMHD1 protein levels were calculated by densitometry and normalized to the value for GAPDH. The value for cells not treated with Vpx was set as 1. The graph depicting densitometry shows averaged data from two independent experiments. (B) HEK293T cells transfected with plasmid DNA expressing WT or RL/AA SAMHD1 were pretreated with MG132 (1 M) or epoxomicin (1 M) for 3 h. Cells were washed and fresh medium was added without inhibitors. Lysates were harvested 6 h after the removal of MG132. Lysates were immunoblotted for expression of HA and ubiquitin, and GAPDH was used as a loading control. Relative SAMHD1 was calculated as described for panel A. The value for DMSO controls was set as 1. (C) HEK293T cells expressing WT or RL/AA SAMHD1 were treated with MG132 (1 M) and cells were lysed in lysis buffer containing protease inhibitor MG132 and N-ethylmaleimide. HA-IP was performed and IP products were analyzed by immunoblotting. Cells transfected with plasmid expressing empty vector were used as a negative control. IgG heavy chain (HC) and light chain (LC) contaminating bands are indicated in panels C and E. (D) THP-1 cells were pretreated with MG132 (0.5 M) or epoxomicin (0.1 M) for 3 h. Cells were washed and fresh medium without inhibitors was added. Cell lysates were harvested 6 h after the removal of MG132. (E) THP-1 cells were treated with MG132 for 12 h (0.1 or 1 M, indicated by "ϩ" and "ϩϩ," respectively). Cells were lysed in cell lysis buffer as described for panel C. SAMHD1 IP was performed with the cell lysates. Nonspecific mouse IgG was used as a negative control. IP products were analyzed by immunoblotting with antibodies specific to SAMHD1 and ubiquitin.
RXL Motif in SAMHD1 Is Critical for HIV-1 Restriction
Journal of Virology affected SAMHD1 protein levels (data not shown). These data suggest that SAMHD1 is not actively degraded in dividing cells. To address the possibility that SAMHD1 was basally degraded through both pathways simultaneously, we tested combinations of the inhibitors and their effects on SAMHD1 protein levels. HEK293T cells overexpressing WT SAMHD1 or RL/AA mutants were treated with either DMSO, MG132 alone, or MG132 in combination with chloroquine, 3-MA, or BafA1. Immunoblotting analysis revealed that WT SAMHD1 protein levels modestly, but statistically significantly, increased (up to 2-fold) with combination inhibitor treatment, compared to DMSO or MG132 controls ( Fig. 6A and B) . Likewise, the RL/AA mutant increased from approximately 2-to 3-fold with combination inhibitor treatment ( Fig. 6A and C) . Interestingly, the effect appeared stronger on the RL/AA mutant than on WT SAMHD1 ( Fig. 6B and C) , although we cannot rule out this is because of the lower expression levels of the RL/AA mutant. Overall, these results suggest that degradation of SAMHD1 protein in cells may occur through coordinated lysosomal/autophagosomal and proteasomal pathways. 
DISCUSSION
SAMHD1 dNTPase function is tightly linked to its ability to restrict HIV-1 (6, 7). Previously, an R451E mutant was predicted to abolish hydrogen bonding with dNTP molecules, affecting dNTPase activity and tetramerization in vitro (34) . Here, we extend these findings in a cellular context and describe a double alanine mutation at residues R451 and L453 in the HD domain of SAMHD1 that is sufficient to abrogate SAMHD1mediated HIV-1 restriction, through loss of tetramerization and rendering the protein dNTPase inactive. Interestingly, other studies reported differing results about the requirement for tetramerization for HIV-1 restriction (25, 51) . Furthermore, anti-HIV activity of some SAMHD1 mutants in cells does not correlate with in vitro dNTPase activity or tetramerization, indicating that domains demonstrated to regulate tetramerization in vitro might not be crucial for cellular function. This suggests that other mechanisms play a role in regulating SAMHD1 function at a cellular level. Indeed, residues Y146 and Y154 contribute to stability of tetramers in vitro, but HIV-1 restriction is not affected by Y146S/Y154S mutations (52) . Our data confirm that residues R451 and L453 are necessary for HIV-1 restriction, highlighting that binding of dNTPs is an absolute requirement for HIV-1 restriction in cells. In contrast to this, mouse SAMHD1 isoform 2 is catalytically active in the absence of GTP, which has been linked to more efficient tetramerization, mediated through the carboxyl-terminal domain (53) . However, it is possible that different species of SAMHD1 experience different mechanisms of regulation in a cell-type-dependent manner.
We compared two cyclin-binding motifs in human SAMHD1 regarding their T592 phosphorylation in cells. Yan et al. demonstrated that residues L620 and F621 of SAMHD1 were crucial for T592 phosphorylation in cells and in vitro, and interaction with cyclin A2 (28), but not for tetramerization and HIV-1 restriction (25) . However, our data demonstrate both the RL/AA and LF/AA mutants could be phosphorylated in vitro, with lower efficiencies than for WT SAMHD1. It is possible that proximity of the LF/AA mutation to the CDK recognition motif in the disordered C terminus of SAMHD1 may render the CDK motif inaccessible or unable to be phosphorylated by CDK2, used in their in vitro assay, but not CDK1, used in ours. Nevertheless, our in vitro kinase assays demonstrated phosphorylation of SAMHD1 in the absence of tetramer-activating GTP/ dATP, indicating that SAMHD1 can be phosphorylated in a monomeric state.
Notably, several studies used a variety of cyclin-kinase complexes with contradictory effects on SAMHD1 T592 phosphorylation in vitro (17, 21, 22, 27, 28) , indicating that these experiments do not always reproduce cellular conditions. Moreover, we did not observe direct interaction between purified recombinant SAMHD1 and GST-tagged cyclin A2/CDK1 complex (data not shown), which could be due to the GST tag obstructing interaction between the proteins. This observation raises the possibility that direct cyclin A2 binding may not be required for in vitro phosphorylation. Having a localized concentration of substrate and CDK in vitro could explain why the RL/AA and LF/AA mutants were phosphorylated in the absence of cyclin A2 binding. Furthermore, knockdown of cyclin A2 and CDK1/2 in cells is sufficient to reduce SAMHD1 phosphorylation in cells, indicating the requirement of these proteins to mediate phosphorylation of SAMHD1 in cells (18) and therefore demonstrating the importance of both mutants in mediating cyclin A2 interaction in cells, compared to in vitro data.
Cyclins can modulate CDK substrate recognition and activity in cells through spatial and cell cycle-dependent constraints (54, 55) . Co-IP experiments performed with cells demonstrate that the RL/AA mutant is deficient in binding to cyclin A2, although the interaction is not completely abrogated compared to the LF/AA mutant. As both the RL and LF residues adhere to conserved canonical cyclin-binding motifs discussed previously (42) , this suggests that SAMHD1 could contain multiple cyclin-binding motifs with differing functions and/or redundancies of function. Indeed, SAMHD1 contains four phosphorylation sites (S6, T21, S33, and T592), whose functions are not fully understood (20, 21) . Our results suggest two possibilities for the diminished interaction between RL/AA SAMHD1 and cyclin A2. The reduced interaction could be attributed to mislo-calization of the RL/AA mutant, limiting access to cyclin A2/CDK complexes in cells, or mutation of the RXL motif in SAMHD1 was sufficient to partially abrogate the interaction with the hydrophobic patch of cyclin A, which is a feature of cyclins binding to RXL motif-containing substrates (56) (57) (58) (59) , but was not sufficient to abolish interaction.
We investigated whether the RL/AA mutant was selectively targeted for spontaneous degradation during protein turnover, or when autophagy had been activated. Our data indicate that SAMHD1 is not spontaneously degraded through the major proteasomal, lysosomal, or autophagy pathways. Coupled with our observation that SAMHD1 is not clearly mono-or polyubiquitinated in the absence of Vpx, this provides further evidence that SAMHD1 is not targeted for proteasomal degradation in cycling cells. Furthermore, while we did not absolutely exclude SAMHD1 ubiquitination, the presence of a higher-molecular-weight ubiquitin-specific band (ϳ140 kDa) enriched in SAMHD1 IP from THP-1 cells could represent a SAMHD1 interacting protein. Or it could represent SAMHD1 multimonoubiquitination, which could serve as a molecular signal for other cellular responses, such as DNA damage or inflammation, but is not linked to proteasomal degradation (60) . Contrary to our observations, a recent publication suggested that CD81 regulates SAMHD1 expression and that SAMHD1 protein expression can be enhanced 2-to 3-fold by MG132 treatment in HeLa cells (61) . The small effects of MG132 treatment on SAMHD1 protein observed could be attributed to the low endogenous SAMHD1 expression levels in HeLa cells, whereas our system used overexpressed SAMHD1 in HEK293T cells or highly expressed endogenous SAMHD1 in THP-1 cells.
Interestingly, we observed rescue of SAMHD1 protein levels only in the presence of a combination of inhibitors targeting the proteasome and autophagy. Autophagy and the proteasome are closely linked systems (62) , and inhibition of the proteasome has been shown to activate autophagy (63, 64) . There are reports that some proteins are substrates of both pathways (65) (66) (67) . Therefore, it is possible that SAMHD1 could experience some degradation through both the proteasome and autophagy as it is regulated during the cell cycle. This could explain why we were unable to rescue protein with single inhibitor treatments. In addition, experiments presented here were performed in cells actively undergoing de novo protein synthesis, unlike our half-life experiments using cycloheximide treatment of cells (42) .
Of note, autophagy can be activated under oxidative stress (68) , and a recent study showed that SAMHD1 is regulated through oxidation of cysteine residues and relocates to areas outside the nucleus in the presence of growth factors (36) . This could suggest that only under oxidative stress, or cellular stress, could SAMHD1 degradation be initiated. Nuclear protein lamin B1 can be degraded by autophagy only when cells experience oncogenic insult (69) . In addition, ubiquitin-independent mechanisms of proteasomal degradation do exist (70) , including that of oxidized proteins (71) . It is possible that our combination treatment to inhibit multiple degradation pathways caused cellular stress, explaining why we observed rescue of SAMHD1 protein levels.
In summary, our results demonstrate that the RXL motif of SAMHD1 is critical for formation and structural integrity of the SAMHD1 tetramer, dNTPase activity, and HIV-1 restriction. These findings highlight the necessity of SAMHD1 tetramerization initiated by allosteric binding of dNTPs in cells in order to maintain an HIV-1 restriction function. In addition, our data imply that the RXL motif is important to ensure efficient phosphorylation and regulation of SAMHD1 functions in cells.
MATERIALS AND METHODS
Plasmids. pLenti-puro constructs expressing WT hemagglutinin (HA)-tagged human SAMHD1 and the empty vector control were provided by Nathaniel Landau (New York University). The pLenti-puro constructs expressing HA-tagged RL/AA, F/W, or LF/AA mutant SAMHD1 were generated using a QuikChange multisite-directed mutagenesis kit (Agilent Technologies) and described previously (18) . The pCG-myc-Vpx plasmid expressing myc-tagged Vpx from HIV-1 ROD (13) , and pCG vector were provided by Jacek Skowronski (Case Western Reserve University).
In vitro size exclusion chromatography. N-terminally 6ϫHis-tagged WT SAMHD1 or mutant constructs were expressed in Escherichia coli and purified as previously described (29) . Purified protein samples (2 mg/ml; 50 l) with or without 500 M GTP and 2 mM dATP were applied to a Superdex 200 Increase 5/150 GL column (GE Healthcare) preequilibrated in reaction buffer (50 mM Tris-HCl [pH 8.0], 150 mM NaCl, 5 mM MgCl 2 , and 0.5 mM Tris(2-carboxyethyl)phosphine [TCEP]). The UV absorbance at 280 nm was measured as the protein sample was eluted from the column.
In vitro malachite green assay. To compare the dNTPase activities of different SAMHD1 constructs, a colorimetric malachite green assay was performed, as previously described (72) . All reactions were performed at 25°C in the reaction buffer described above. Each reaction, performed with 40 l containing 10 M pyrophosphatase, 0.5 M SAMHD1, and 125 M substrate or allosteric activator, was quenched with 40 l of 20 mM EDTA after time points from 0 to 14 min. Then, 20 l of malachite green reagent was added to the solution and developed for 15 min before the absorbance at 650 nm was measured.
In vitro kinase assay. Kinase assays were performed for 2 h at 30°C as described previously (27) . Recombinant full-length WT SAMHD1 and RL/AA, LF/AA, and T592A mutant proteins were purified as described previously (29, 30) . Assays were performed using a titration of cyclin A2/CDK1 complex according to the manufacturer's instructions (Sigma-Aldrich; catalog number C0244). Purified recombinant SAMHD1 protein (25 ng) was used in the reaction. T592 phosphorylation of SAMHD1 was detected using the T592-phospho-specific antibody described previously (19) . GST-cyclin A2 and GST-CDK1 were detected using a GST antibody (Santa Cruz; sc-459).
Cell culture. THP-1 cells were cultured in RPMI 1640 medium as described previously (14) . HEK293T cells were maintained in Dulbecco modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. Stable U937 cells were cultured in RPMI 1640 as described previously (7) . U937 cells were differentiated using phorbol 12-myristate 13-acetate (PMA; 100 ng/ml) for 24 h, PMA was removed and cells were cultured for a further 24 h. All cell lines were maintained at 37°C and 5% CO 2 and tested negative for mycoplasma contamination using a universal mycoplasma detection kit (ATCC; number 30-101-2K).
Generation of stable U937 cell lines. Lentiviral stocks for overexpression of HA-tagged SAMHD1 mutants were generated by transfection of HEK293T cells with pLenti-puro vector or SAMHD1-expressing plasmids, pMDL packaging plasmid, pRSV-rev, and pVSV-G. Forty-eight hours posttransfection, lentiviral stocks were harvested, filtered, and concentrated through a sucrose cushion. Resuspended lentivirus was used to spinoculate U937 cells in the presence of Polybrene (8 g/ml), after which cells were cultured in normal RPMI 1640 for 3 days prior to selection with 1 g/ml of puromycin as described previously (7) . Overexpression of SAMHD1 in PMA-differentiated cells was confirmed by SDS-PAGE and immunoblotting analysis.
Measurement of intracellular dNTP levels. PMA-differentiated U937 stable cell lines were harvested and processed for dNTP measurements using the single-nucleotide incorporation assay as described previously (73) .
Lysosome and proteasome inhibitor treatments. Transfected HEK293T cells expressing WT or RL/AA SAMHD1 or THP-1 cells were treated with specific inhibitors as described in the figure legends. Briefly, cells were treated with proteasomal or lysosomal inhibitors for the times and at the concentrations indicated in the figures. The inhibitors included MG132 (Santa Cruz; sc-201270), epoxomicin (Enzo Life Sciences, Inc.; BML-PI127), 3-MA (tlrl-3ma) and bafilomicin A1 (tlrl-baf1) (Invivogen), and chloroquine (C6628) and leupeptin (L2023) (Sigma-Aldrich). All samples were made up to the same volume of dimethyl sulfoxide (DMSO), and DMSO alone was used as a negative control.
Protein quantification, immunoblotting, and antibodies. Cells were collected, washed with phosphate-buffered saline (PBS), and lysed using 1ϫ cell lysis buffer (Cell Signaling; number 9803) containing protease inhibitor cocktail (Sigma-Aldrich; P8340). Protein lysate was quantified via a Pierce bicinchoninic acid (BCA) protein assay kit (Pierce), followed by immunoblotting as described previously (42) . Immunoblotting was performed using antibodies against the following proteins (catalog numbers are in parentheses): HA-11 (901501) from Biolegend and SAMHD1 (8007) and Phos-T592 (8005) from ProSci. Ubiquitin (3936), LC3A/B (12741), and LAMP-1 (9091) were from Cell Signaling Technology, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (AHP1628) was from Bio-Rad. HIV-2 Vpx monoclonal antibody (clone 6D2.6) (74) was obtained from the NIH AIDS Reagent Program (catalog number 2710).
Densitometry quantification of immunoblotting. Densitometry of immunoblots was performed on low-exposure unaltered images using ImageJ software. All densitometry values were normalized to their respective GAPDH values.
Co-IP. HEK293T cells were transfected with an empty vector or plasmids encoding HA-tagged WT or RL/AA SAMHD1. At 16 h posttransfection, cells were treated with MG132, collected and lysed for HA-IP, and analyzed by immunoblotting as described previously (18) . For THP-1 cells, cells were treated as described in the figure legend and lysates generated. Dynabeads (protein G; Thermo Fisher Scientific) were incubated with 5 g of SAMHD1 antibody (Abcam; 67820) or mouse IgG control, according to the manufacturer's directions. After binding of antibody to the beads, cell lysates were incubated with the Dynabeads at 4°C for 2 h. Beads were then washed with 3 times with PBS with 0.1% Tween. Bound proteins were eluted from beads by boiling in 1ϫ SDS sample buffer, and the supernatants were used for immunoblotting.
HIV-1 infection assay. To quantitate HIV-1 infection in SAMHD1-expressing stable U937 cell lines, cells were differentiated with PMA and infected with single-cycle NL4-3ΔenvE-Rϩ or NL4-3-deltaE-EGFP (43) . Cells were infected with vesicular stomatitis virus protein G (VSV-G)-pseudotyped HIV-1 at a multiplicity of infection of 0.5 for 2 h before removal of virus. Cells were then cultured for 48 h prior to collection of cell lysates for luciferase assay (Promega) or flow cytometry. All luciferase assays were normalized to protein content. For infected cells processed for downstream quantitative PCR (qPCR)
